T cells are central to the detrimental alloresponses that develop in autoimmunity and transplantation, with CD28 costimulatory signals being key to T cell activation and proliferation. CTLA4-Ig molecules that bind CD80/86 and inhibit CD28 costimulation offer an alternative immunosuppressive treatment, free from some of the chronic toxicities associated with calcineurin inhibition. However, CD80/86 blockade by CTLA4-Ig also results in the loss of coinhibitory CTLA4 signals that are critical to the regulation of T cell activation. Here, we show that a nonactivating monovalent anti-CD28 that spares CTLA4 signaling is an effective immunosuppressant in a clinically relevant humanized mouse transplant model. We demonstrate that selective CD28 blockade prolongs human skin allograft survival through a mechanism that includes a reduction in the cellular graft infiltrate. Critically, selective CD28 blockade promotes Treg function in vivo and synergizes with adoptive Treg therapy to promote transplant survival. In contrast to CTLA4-Ig treatment, selective CD28 blockade promotes regulation of alloimmune responses and facilitates Treg-based cellular therapy.
Introduction
Optimal T cell activation requires the interaction of T cell receptors with MHC antigen-peptide complexes and the engagement of a costimulatory receptor with its respective ligand on a professional antigen-presenting cell (APC). A number of costimulatory molecules influence T cell activation and proliferation, the best characterized of which are CD28 and the cytotoxic T lymphocyte-associated antigen-4 (CTLA4, CD152). While CD28 signaling is critical for T cell activation and proliferation, CTLA4 signaling is a coinhibitory molecule that functions to terminate these processes. Both CD28 and CTLA4 share the same ligands, B7-1 (CD80) and B7-2 (CD86), but the avidity of CTLA4 for these ligands is higher compared with that of CD28. The relative ligation of CD28 and CTLA4 on the surface of T cells is, therefore, an important determinant of whether CD28 costimulatory or CTLA4 coinhibitory effects are dominant during an immune response (1, 2) .
Due to the toxicity associated with the administration of calcineurin inhibitors (3), targeting the CD28/ CD80-86 pathway -with fusion proteins such as CTLA4-Ig, for example -is a promising alternative. However, in clinical trials, an increase in the incidence of acute rejection with CTLA4-Ig treatment compared with cyclosporine standard immunosuppression has been observed (4) . In addition, direct CD80/86 blocking strategies inhibit CTLA4 signaling, which is crucial to the function of Tregs, thus impacting the potential development of immunological unresponsiveness (5) (6) (7) . With the progression of cellular therapies to the clinic, there is a concern regarding the effect CTLA4-Ig would have on Treg therapy for the treatment of immune pathologies, including transplant rejection. Hence, selective blockade of CD28 is theoretically advantageous, as it would preserve the coinhibitory signals delivered upon CTLA4 engagement (8) . In this study, we investigate the effects of FR104 -a PEGylated monovalent humanized Fab' antibody fragment antagonist of CD28 (9) -in a humanized mouse transplantation setting, comparing its effects directly with CTLA4-Ig therapy.
T cells are central to the detrimental alloresponses that develop in autoimmunity and transplantation, with CD28 costimulatory signals being key to T cell activation and proliferation. CTLA4-Ig molecules that bind CD80/86 and inhibit CD28 costimulation offer an alternative immunosuppressive treatment, free from some of the chronic toxicities associated with calcineurin inhibition. However, CD80/86 blockade by CTLA4-Ig also results in the loss of coinhibitory CTLA4 signals that are critical to the regulation of T cell activation. Here, we show that a nonactivating monovalent anti-CD28 that spares CTLA4 signaling is an effective immunosuppressant in a clinically relevant humanized mouse transplant model. We demonstrate that selective CD28 blockade prolongs human skin allograft survival through a mechanism that includes a reduction in the cellular graft infiltrate. Critically, selective CD28 blockade promotes Treg function in vivo and synergizes with adoptive Treg therapy to promote transplant survival. In contrast to CTLA4-Ig treatment, selective CD28 blockade promotes regulation of alloimmune responses and facilitates Treg-based cellular therapy.
Results

CD28 expression of human leukocytes in humanized mice.
We first evaluated CD28 expression on human leukocytes in BALB/c Rag2 -/-cγ -/-mice reconstituted with human peripheral blood mononuclear cells (PBMCs). The majority of human CD4 + T lymphocytes expressed CD28 on their surface after adoptive transfer in vivo (97% ± 0.3%, n = 3), whereas human CD8 + T lymphocytes had a lower expression of CD28 after engraftment (76% ± 2.1%, n = 3, Figure 1A ). CD28 -human CD8 + T lymphocytes were of a memory phenotype, expressing surface CD45RO.
FR104 and CTLA4-Ig inhibit human leukocyte proliferation in vivo.
To examine the effects of FR104 and CTLA4-Ig in vivo, we performed a human leukocyte proliferation assay in humanized mice. Violet proliferation dye-labeled (VPD-labeled) human PBMCs (5 × 10 6 ) were transferred into mice by i.p. injection. Mice then received treatment with FR104 or CTLA4-Ig on day 1 and day 3 by i.v. injection. Both FR104 and CTLA4-Ig significantly inhibited the proliferation of human CD45 +
CD3
+ leukocytes compared with saline or PEG control groups (P < 0.01); no differences were observed between FR104 and CTLA4-Ig treatment groups ( Figure 1B) . Expression of the activation marker CD25 was reduced in both treatment groups (Figure 1C) . We next investigated whether treatment with FR104 or CTLA4-Ig promoted apoptosis, finding that there was no increase in the number of apoptotic cells detected by flow cytometry with drug treatment Fluorescent-labeled human PBMCs (5  × 10 6 ) were adoptively transferred by i.p. injection on day 0 into immunodeficient mice. (A) CD28 expression on human T cells was measured 6 days later (n = 3). (B and C) Mice were treated on day 1 and day 3 with saline, PEG, FR104, or CTLA4-Ig i.v. (n = 3). Peritoneal cells were harvested on day 6 after adoptive transfer. FR104 and CTLA4-Ig significantly inhibited human T cell proliferation and activation in vivo. This assay was repeated 3 times using different human PBMC donors. Data are shown as mean ± SD. All data were analyzed by one-way ANOVA followed by Tukey's multiple-comparisons test. *P < 0.01, **P < 0.001. FR104 prolongs skin graft survival. The ability of FR104 and CTLA4-Ig to prevent human skin transplant rejection in a humanized mouse model was assessed (Figure 2A ). We ensured that mice had an adequate level of human leukocyte chimerism in the peripheral blood 3 weeks after PBMC injection before commencing dosing with FR104 or CTLA4-Ig ( Figure 2C ). Saline and PEG control-treated mice displayed similar human skin allograft rejection kinetics, with median survival of times (MST) of 31 and 35 days, respectively. Surprisingly, low-dose CTLA4-Ig (2 mg/kg) and high-dose CTLA4-Ig (10 mg/ kg) treatments were unable to prolong skin graft survival (MST = 31 for both doses). By contrast, mice treated with low-dose FR104 (1 mg/kg) and high-dose FR104 (5 mg/kg) displayed significantly enhanced survival of the human skin allograft compared with control groups (MST = 42 days; P = 0.0116 and 56 days; P = 0.0031, respectively, Figure 2B and Table 1 ). Importantly, these data indicate that FR104 has the capability to abrogate rejection that may already be in progress, as mice commence treatment at a point at which graft-infiltrating cells are already present within the allograft.
FR104 reduces both the cellular graft infiltrate and the serum levels of inflammatory cytokines. To investigate the underlying mechanisms and consequences of FR104 treatment in vivo, we analyzed the number of human leukocytes infiltrating human skin allografts ( Figure 3A ). In the saline control group, infiltration by human 
CD4
+ and CD8 + cells was almost equivalent (histologic cell count: 114 ± 10 for CD4 + vs. 126 ± 26.4 for CD8 + cells). The number of graft-infiltrating CD4 + (83 ± 4.4 vs. 48 ± 21.5, P < 0.05) and CD8 + (111 ± 29.4 vs. 50 ± 10.6, P < 0.05) cells was significantly reduced by FR104 treatment as compared with CTLA4-Ig. Notably, the number of FOXP3 + cells was significantly reduced in mice treated with CTLA4-Ig as compared with those treated with FR104 (15 ± 3.6 vs. 5.0 ± 1.5, P < 0.05) ( Figure 3B ). We therefore assessed expression levels of skin-homing molecules that may affect the migration of leukocytes into the skin graft. Cutaneous lymphocyte antigen (CLA) and C-C chemokine receptor 4 (CCR4) are key human skin homing molecules (10, 11) and have been shown to be important for Treg function in humanized mouse systems (12, 13) . We found that the majority of CD8 + T lymphocytes in the peripheral blood expressed surface CLA 28 days after adoptive transfer and that only FR104 was able to suppress CLA expression (59% ± 10.6% vs. 8% ± 4.3%, saline vs. FR104, P < 0.01, Figure 4A ). No differences were seen in the level of CCR4 expression in peripheral blood among treatment groups (Supplemental Figure 2) . We next measured inflammatory cytokine levels in the peripheral blood, including IFNγ, TNF, IL-2, IL-4, IL-6, IL-10, and The number of graft-infiltrating human leukocytes at day 28 after adoptive transfer of PBMCs was quantified by IHC for cells stained with CD4, CD8, and FOXP3 in samples from mice treated with saline (n = 4), PEG (n = 3), FR104 (n = 4), or CTLA4-Ig (n = 4). This assay was repeated 3 times using different human PBMC donors. Data are shown as mean ± SEM. All data were analyzed by one-way ANOVA followed by Tukey's multiple-comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001. IL-17A. In comparison with controls, FR104 inhibited IFNγ, TNF, IL-2, and IL-10 production. By contrast, CTLA4-Ig did not suppress inflammatory cytokine production ( Figure 4B ).
FR104 does not adversely impact cellular therapy with Tregs.
We have previously demonstrated the ability of ex vivo-expanded human Treg therapy to prevent the rejection of HLA mismatched human vessels (14) , skin grafts (15) , and islets (16) in vivo. Since FR104 did not inhibit FOXP3 + cell infiltration into the allografts, we hypothesized that FR104 would not impact adoptive Treg cellular therapy. We assessed the impact of preincubation of Tregs or conventional T cells (Tconv) with either FR104 or CTLA4-Ig followed by an in vitro suppression assay. In this assay, preincubation of Tregs with either agent did not have a significant effect on their capacity to mediate suppression of Tconv (Supplemental Figure 6 ). Interestingly, however, whereas Tconv that were preincubated with FR104 remained responsive to Treg-mediated suppression, those preincubated with CTLA4-Ig were resistant to Treg-mediated suppression (P < 0.0001).
To explore this, we performed a Treg proliferation assay in vivo. Immunodeficient mice received 5 × 10 6 CFSE-labeled PBMCs and 5 × 10 6 VPD-labeled ex vivo-expanded Tregs. One day later, mice were treated with FR104, CTLA4-Ig, or control, and cells were harvested for analysis on day 4 after adoptive transfer. Both FR104 and CTLA4-Ig inhibited Treg proliferation compared with control groups ( Figure 5A ). To evaluate Treg function, we next analyzed the effect of FR104 or CTLA4-Ig on the ability of Tregs to suppress CFSE-labeled PBMCs. CTLA4-Ig significantly inhibited CD4 + T cell proliferation (P < 0.01) but not CD8 + T cell proliferation compared with control groups. By contrast, FR104 significantly suppressed CD4 + T cell proliferation compared with both control groups and CTLA4-Ig (P < 0.001 and P < 0.05, respectively), and CD8 T cell proliferation compared with control groups (P < 0.01) ( Figure 5B ). These results indicate that FR104 facilitates Treg function in vivo. Next, we assessed the impact of FR104 on the effect of adoptive Treg cellular therapy in a skin transplantation model. Humanized mice received 10x10 6 PBMCs together with 5x10 6 ex vivo-expanded Tregs on day 0. After ensuring adequate human leukocyte chimerism in the peripheral blood on day 21, twice-weekly drug treatment was commenced for 3 weeks ( Figure 6 , A and C). Mice treated with Treg therapy alone had prolonged skin transplant survival compared with controls (MST = 72 vs. MST = 34, respectively; P = 0.0042). Interestingly, the addition of Treg cellular therapy to CTLA4-Ig treatment did not prolong human skin graft survival (CTLA4-Ig vs. CTLA4-Ig + Tregs: MST = 40 vs. MST = 36, respectively). By contrast, the addition of FR104 to Treg therapy significantly prolonged human skin graft survival beyond that achieved with FR104 treatment alone (MST > 100 vs. MST = 56, respectively; P = 0.0269, Figure 6B and Table 2 ). In an independent assay to assess further whether FR104 has an additive effect on Treg therapy, we assessed the effects of FR104 treatment with subtherapeutic lowdose Treg cell therapy (10 × 10 6 PBMCs together with 1 × 10 6 expanded Tregs, Figure 7 , A and C). Here, the combination treatment significantly promoted allograft survival when compared with low-dose Treg treatment alone and promoted allograft survival beyond what was achieved using FR104 alone (MST = 89 vs. MST = 44, P = 0.0021, Figure 7B and Table 3 ). CTLA4-Ig did not have this effect. Together, these data demonstrate that CTLA4-Ig treatment impedes Treg cellular therapy, whereas FR104 treatment facilitates and has an additive effect on Treg cellular therapy-induced transplant survival.
Discussion
The T cell response is central to rejection following transplantation. T cell activation is triggered by specific antigen recognition and reinforced by the engagement of costimulation molecules that can regulate T cell differentiation into either pathogenic effector cells or Tregs. The CD28/CTLA4:B7 pathway is the most well-characterized T cell costimulatory pathway and is critical for T cell activation and peripheral tolerance (1, 2, (17) (18) (19) . Targeting this pathway with CTLA4-Ig is a promising alternative to current immunosuppressive treatments and has found a role in clinical transplantation (4, 20) . While previous studies have shown that CTLA4-Ig prolongs allograft survival and, in some rodent models, leads to the development of a tolerant state (21) (22) (23) , nonhuman primate preclinical studies have not been as promising (5, (24) (25) (26) . The reasons for this failure of tolerance promotion might be explained by the possible abrogation of Treg proliferation and function by CTLA4-Ig (27, 28) . This could be because coinhibitory signals such as CTLA4 are MST, median of survival times.
important in promoting the termination of T cell activation (29, 30) , and a direct CD80/86 blocking strategy would deprive the evolving immune responses of CTLA4-driven signals. In this study, we have demonstrated a significant difference between a selective CD28 blockade strategy with FR104 and the direct blocking of CD80/86 with CTLA4-Ig in a preclinical transplantation model. It is worth noting that, in this model, human T cells are activated (12) and infiltrate the graft by day 21 after adoptive transfer of human PBMCs (15) . FR104 is therefore a powerful immunosuppressant, as it has the capacity to suppress T cells that are already activated and to rescue a skin graft from rejection after the process has already been set into action.
With FR104 now completing a phase I trial in humans, there is genuine promise for its successful introduction in the treatment of a number of immune-mediated pathologies (31) . In this study, the effects of FR104 and CTLA4-Ig in transplanted humanized mice have clear differences. While FR104 and CTLA4-Ig significantly suppress the proliferation and activation of human T cells in vivo to a similar degree, after skin transplantation, there are significant differences in the effects + and CD8 + T cells in the peripheral blood was analyzed by flow cytometry on day 28 after adoptive transfer of PBMCs from mice treated with saline, PEG control, FR104, or CTLA4-Ig (n = 3). This assay was repeated twice using different human PBMC donors. (B) Cytokine production in the peripheral blood of mice treated with saline (n = 11), PEG (n = 3), FR104 (n = 12), or CTLA4-Ig (n = 10) was assessed using a cytometric bead array. Levels of cytokines in the serum before treatment at day 21 (n = 1) and after treatment with saline at day 49 (n = 3) were also analyzed to provide controls. Data are shown as mean ± SD. All data were analyzed by one-way ANOVA followed by Tukey's multiple-comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001. of these two agents on the prolongation of skin allograft survival. To exclude the potential confounding effect of blocking human leukocyte repopulation in this model, we confirmed that skin-transplanted mice had attained an adequate level of human leukocyte chimerism before commencing treatment. Not only was CTLA4-Ig inefficient at prolonging graft survival, it was also associated with considerable human T cell infiltration into the skin allograft. By contrast, FR104 was effective at prolonging human skin allograft survival, and it inhibited human T cell infiltration into the allograft. Mechanistically, this was partly through the ability of FR104 to reduce the expression level of CLA on T cells. This effect is consistent with a previous study in which the efficacy of FR104 was assessed in a graft-versushost disease (GVHD) model (9) . Interestingly, we found that mice treated with FR104 did not have an associated reduction in FOXP3 + cell infiltration into the allograft compared with control-treated mice, although overall FR104 did inhibit CD4 + and CD8 + T cell infiltration into the allograft. While FOXP3 expression alone may not be the most accurate marker of Tregs, its expression -even in activated T cells -is associated with T cell hyporesponsiveness. Previously, we have shown that Treg treatment prevents rejection and suppresses CD8 + T cell infiltration into skin allografts in both mouse-to-mouse and humanized mouse models (15, 32) . These findings highlight the importance of CD8 + T cells in the rejection of skin allografts. In other studies, late treatment with CTLA4-Ig failed to prevent the + and CD8 + T cell proliferation. Data are shown as mean ± SD. All data were analyzed by one-way ANOVA followed by Tukey's multiple-comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001. insight.jci. (35) . These cells may therefore also be resistant to FR104 treatment. In theory, such cells may still receive a coinhibitory signal through CTLA4, making FR104 treatment superior to CTLA4-Ig. We have found that approximately 40% of CD8 + cells downregulate CD28 expression by day 28 after adoptive transfer (Supplemental Figure 3) . Together, these findings suggest that CTLA4-Ig is unable to prolong skin allograft survival due to its inability to act on T cells that are already activated. By contrast, the preservation of coinhibitory signals with FR104 treatment would allow T cells to reverse their activation status even after they have been activated in vivo. In further support of this, CTLA4-Ig significantly reduced the infiltration of FOXP3 + cells into skin allografts, whereas FR104 did not.
We also assessed whether FR104 has the ability to facilitate Treg cellular therapy. It has previously been shown that CTLA4-Ig alone has a deleterious effect on Tregs (27, 28) . Consistent with this, CTLA4-Ig was unable to prolong allograft survival in combination with Treg cellular therapy, an effect that is likely mediated by the inability of Tregs to suppress CTLA4-treated Tconv. By contrast, we found Treg therapy to have synergistic effects with FR104. At therapeutic Treg doses, FR104 did not interfere with Treg-based suppression. At subtherapeutic Treg doses, the combination of FR104 with Treg treatment prolonged allograft survival beyond that achieved with either therapy alone. Here, the direct blockade of CD28 allows Tregs to maintain their suppressive capacity through CTLA4. The assays using combined therapy with FR104 and adoptive transfer of Tregs are critical, given the current proximity of Clinical regulation of allograft rejection by CD28/CD80-86 blockade is a promising strategy, and the data in this study support the targeting of this axis in a human context (4). However, although the data presented here are encouraging, they must be interpreted with care. While CD28 selective blockade with FR104 led to a reduction in the graft cellular infiltrate and protected FOXP3 + cellular infiltration into the skin, only a small number of FOXP3 + cells infiltrated the skin graft overall. However, in the context of this particular model, we have previously shown that only a very small number of graft-infiltrating FOXP3 + cells are sufficient to facilitate graft prolongation in a skin retransplantation assay (13) . It is important to bear in mind that there are controversial findings regarding the function of Tregs in the absence of CD28 signals. Zhang and colleagues have demonstrated that Treg-specific CD28 conditional KO mice develop severe autoimmunity and that CD28-deficient Tregs lose suppressive function (36) . Conversely, Poirier and colleagues have shown that selective blockade of CD28 costimulation promotes Treg suppression in a nonhuman primate model (37) . Ville and colleagues have also shown that FR104 prevents acute rejection, in contrast to CTLA4-Ig, by controlling CD4 T cell follicular helper cells in a nonhuman primate model (38) . In a separate mouse study, Zhang and colleagues have shown that selective CD28 blockade using a Table 2 . Skin graft survival times of each treatment group in Figure 6 Group n Graft loss days MST MST, median of survival times. single chain (variable fragment-based) Fv-based reagent leads to a CTLA4-dependent immunomodulation through an increase in Treg infiltration into the graft (39) . In our model, given that Tregs were rarely detected in the peripheral blood or allograft in control-treated mice, the principal effect of FR104 is likely to be the suppression of effector T cell activity and the skewing of the effector/Treg balance. As a combination therapy, FR104 with Treg cellular therapy is a promising strategy for future clinical use, particularly with the majority of other immunosuppressants displaying a propensity to reduce Treg activity and survival (40) . In conclusion, the selective blockade of CD28 costimulation during the activation of T cells reduces the inflammatory graft infiltrate and alone prolongs human skin allograft survival. Selective blockade does not impact adoptive Treg cellular therapy and may promote a synergism between the two. In this model, where T cells are globally activated, selective CD28 costimulation blockade with FR104 is a more effective immunosuppressant than CTLA4-Ig.
Methods
Mice. BALB/c Rag2
) mice were maintained under specific pathogen-free conditions in the Biomedical Services Unit of the University of Oxford (Oxford, United Kingdom). Mice were aged between 6 and 12 weeks at the time of the first experimental procedure. All mice commenced the treatment regimen 3 weeks after adoptive transfer of allogeneic human PBMCs to ensure adequate levels of human leukocyte chimerism of more than 0.1% of human CD45 + leukocytes in the peripheral blood. Skin grafting and treatment protocol. Human skin transplantation was performed as previously described (15, 41) ; briefly, a 1 cm × 1 cm piece of mouse skin was removed from the dorsal thorax over the costal margin, and then a 1 cm × 1 cm piece of human skin was sutured to the mouse recipient skin with nonabsorbable 8-0 polypropylene (Ethicon). Grafts were covered with a povidone-iodine mesh and pressure dressing and secured with circumferential tape. Bandages were left in place for 5-7 days and then removed. Skin grafts were allowed to heal for 35 days before adoptive transfer of 10 × 10 6 human PBMCs i.p. After confirmation of adequate PBMC engraftment (defined as > 0.1% human CD45 cell chimerism in peripheral blood) on day 21 after adoptive transfer, groups of mice were treated i.v. with 5 mg/kg FR104 monovalent Fab' fragment (Effimune/OSA Immunotherapeutics) (9), 10 mg/kg CTLA4-Ig (Belatacept, Bristol Meyers Squibb), PEG alone, or saline twice a week for 3 weeks. Skin grafts were monitored regularly until complete loss. In this humanized mouse skin transplant model, the number of HLA mismatches had no impact on overall rejection median survival times (Supplemental Figure 4) , and there was no significant variability in engraftment according to the human PBMC donor (Supplemental Figure 5) .
Procurement of human PBMC and expansion of human CD127 lo Tregs. Fresh human buffy coats or leukocyte cones from healthy donors were obtained from the NHSBT (NHS Blood and Transplant), and PBMCs were isolated using standard Ficoll separation techniques. PBMCs were obtained from random donors, and data were pooled. Isolation and expansion of Tregs was performed as previously described (13, 15) . In brief, CD25 + cells were enriched from PBMC using CD25 microbeads (Miltenyi Biotec); then, CD127 lo CD25 + CD4 + cells were sorted using a BD FACSAria cell sorter, using αCD127-PE, αCD25-PE-Cy7 (catalogs 557938 and 335789, respectively; BD Biosciences), and αCD4-ECD (6604727, Beckman Coulter) antibodies. Cells were subsequently expanded in vitro with 1,000 U/ml of recombinant human IL-2 (rhIL-2) (Prometheus Laboratories Inc.) and αCD3/αCD28 beads (11131D, Invitrogen) in a 1:3 (first round) and 1:1 (second round) cell/beads ratio over two 7-day rounds, followed by 2 days of silencing in a reduced amount of rhIL-2 after removal of αCD3/αCD28.
Flow cytometry. For phenotypic analyses, αCD3-eFluor450 (48-0037-42, eBioscience), αCD4-ECD (6604727, Beckmann Coulter), αCD8-APC-Cy7 (348793, BD Biosciences), αCD25-PE-Cy7 (25-0259-42, eBioscience), αCD28-PE (555729, BD Biosciences), αCD45-APC (MHCD4505, Invitrogen), αCD45RO-PE-Cy7 (25-0457-42, eBioscience), and α-CLA-FITC (555947, BD Biosciences) were used. 7-AAD viability staining solution (00-6993-50, eBioscience) was used to eliminate dead cells from the analysis. Apoptosis was assessed by Annexin V (BMS147FI, eBioscience)/7-AAD staining.
Cytometric beads array. IL-2, IL-4, IL-6, IL-10, IL-17A, TNF, and IFNγ were assessed by a cytometric bead array kit with Enhanced Sensitivity Flex Set System (Quantitation range of 0.274-200 pg/ml) MST, median of survival times.
(560484, BD Biosciences) according to manufacturer's instructions on serum samples harvested from mice transplanted with a skin graft and reconstituted with allogenic PBMC. No significant differences were detected between saline and PEG controls for any examined cytokines.
In vivo proliferation assay. BALB/c Rag2 -/-cγ -/-mice received 5 × 10 6 cryopreserved and thawed PBMC labeled with VPD (562158, BD Biosciences) i.p. Treatment was given on day 1 and day 3, and cells were extracted by peritoneal lavage at day 6 after adoptive transfer. To assess Treg proliferation, mice were injected with 5 × 10 6 VPD-labeled CD127 lo CD25 + CD4 + cells and 5 × 10 6 the CFSE-labeled PBMCs from the same donor i.p. Mice were treated on day 1, and cells harvested on day 4 after adoptive transfer.
In vitro proliferation assay. Human PBMCs were labelled with VPD. PBMCs or ex vivo-expanded human Tregs were preincubated with either CTLA4-Ig or FR104 and then used in in vitro suppression assays, as previously described (15) , in the absence of inhibitors. The degree of cellular proliferation, ICOS, CD25, and CD39 expression were assessed by flow cytometry.
Tissue typing. Donor blood was analyzed at the Oxford Transplant Centre Histocompatibility Laboratory for HLA-A, -B, -CW, -DR, and -DQ haplotypes.
IHC. IHC was performed as previously described (13, 15) . Briefly, snap-frozen specimens were sectioned at 10 μm and stained using biotinylated human antigen-specific antibodies (eBioscience) and an avidin-biotinylated enzyme complex (PK-7200, VECTASTAIN ABC Elite, Vector Laboratories), followed by hematoxylin counter staining. For infiltrating cell quantification, positive cells were counted at 400× magnification in three random fields of four separate sections for each antibody type. Cell counting was performed in a blinded manner.
Statistics. All statistical analyses were conducted using GraphPad Prism software (GraphPad Software Inc.). Cell numbers and percentages of cell populations were analyzed using one-way ANOVA with Tukey's multiple comparisons test. Survival data were analyzed using the log-rank test. P values of under 0.05 were taken as statistically significant.
Study approval. All experiments in this study were performed using protocols approved by the Committee on Animal Care and Ethical Review at the University of Oxford and in accordance with the UK Animals (Scientific Procedures) Act 1986. Procurement of human tissue samples was performed with full informed written consent and ethical approval from the Oxfordshire Research Ethics Committee, study number 07/H0605/130.
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